INTRODUCTION Accumulation of calcium during sporulation in
Bacillus is required for formation of bacterial spores which have normal, high, heat resistance [1] [2] [3] [4] . Additionally, CaC12 can activate B. cereus T spores [5] [6] [7] and calcium can cause germination if the spore coat is removed or weakened [8] . Calcium-binding proteins frequently are involved in calcium regulation but have not been reported in bacterial spores. Among calcium-binding proteins, the calmodulin family is the most prominent group. Calmodulin and related proteins regulate a number of cellular functions and have been identified in all eukaryotic cells investigated. Recent reports indicate that calmodulin or calmoduhn-like proteins also are present in some prokaryotic vegetative cells, including Escherichia coli [9] [10] , Streptomyces erythreus [11] , Bacillus subtilis [12] , and mycobacteria [13] and in retrovirus [14] . This study is the first report of calcium-binding protein with calmodulin-like properties in bacterial endospores.
MATERIALS AND METHODS

Sample preparation
Bacillus cereus T spores were sporulated at 30°C on fortified nutrient agar and harvested by extensive water washing [15] . The clean spores were suspended in 50 mM Tris-HC1, pH 7.5, extraction buffer containing 75 mM NaC1, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% isopropanol, 1 mM benzamidine, 7.5 /zg/ml pepstatin A, and several drops of antifoam, mixed with two volumes of 250-300 /~m diameter glass beads, and broken in a cell homogenizer (Braun, MSK) while cooling with liquid CO 2. Breaking required approximately 5 pulses of 1 min each. The breaking efficiency was checked microscopically and by colony counts. The crude slurry was heated at 90°C, 2 min to denature most spore macromolecules and clarified by centrifugation at 15000 × g at 4°C for 1 h.
Affinity chromatography
The supernatant was dialyzed at 4°C overnight against application buffer (50 mM Tris-HC1, pH 7.5, 500 mM NaC1, 5 mM CaC12, 1 mM phenylmethylsulfonyl fluoride, 1% isopropanol, 1 mM benzamidine, 7.5 #g/ml pepstatin A). The dialyzed extract was applied to a 0.9 × 30-cm column which was packed with Phenyl Sepharose pre-equilibrated with application buffer. After the sample was loaded, the column was washed until the A280 reached the lowest stable background, then washed to the stable background again with the same buffer without salts. This step was intended to elute non-calcium binding proteins. The target protein eluted in a single peak as measured by A280 in about the first 1.5-bed volume when washed by the second wash buffer containing 7.5 mM EGTA. Aliquots of the peak fractions were concentrated and extensively washed (dialyzed) with 40 mM Tris-HC1, pH 7.4, by centrifugal concentration tubes (Centricon or Centriprep, M.W. cutoff 10 000, Amicon, Denves, MA).
45Ca autoradiography
Calcium-binding ability was determined based on the methods of Marruyama [16] . Affinity-purified protein samples were applied to Zeta-probe nylon paper (Bio-Rad), washed with 10 mM imidazole-HC1, pH 6.6, containing 60 mM KCI and 5 mM MgC12 and incubated at room temperature for 10 rain in the same buffer containing 2.5 /LM 45CAC12 (New England Nuclear, Boston, MA). Membranes were washed for 5 min in 50% ethanol, air-dried 3 h, and exposed to X-ray film (X-Omat AR, Eastman Kodak Co, Rochester, NY) for 24 h.
Chelex competitive assay
Calcium-binding ability was also verified by the Chelex-100 resin competitive assay [17] . A slurry of chelex-100 resin (100-200 mesh, Bio-Rad) was washed with 1 M HC1, pH 7.4, and 40 mM Tris-HC1, pH 7.4, then resuspended in the same buffer at a resin-to-buffer ratio of 1/10. While rapidly stirring, 25 ~tl of resin was pipetted into a final reaction mixture volume of 1 ml which contained 1.0 × 10 6 cpm 45CAC12 and variable concentrations of test substance. After 30 rain of strong agitation at room temperature, the mixture was centrifuged at 3500 x g for 5 rain. A 0.1 ml aliquot of supernatant fluid from each reaction mixture was added to 5 ml of Scinti Verse II (Fisher, Raleigh, NC) and subjected to liquid scintillation spectrometry (Beckman LS 3801).
Calmodulin assay
Radioimmunoassays were performed using the [125I]calmodulin RIA kit from New England Nuclear according to the manufacturer's directions. Preheated anti-bovine calmodulin was used as the standard.
6. Protein determination
Protein concentrations were determined using the BCA (Bicinchoninic acid) kit from Pierce Co (Rockford, IL), which is a modification of the Bradford protein assay.
RESULTS
A crude, cell-free extract from Bacillus cereus T spores contained a non-dialyzable component which bound calcium. This was verified by 45Ca autoradiography (Fig. 1 ) and a competitive calcium binding assay using Chelex-100 (Table 1 ). Since the samples were dialysed extensively (M.W. cutoff 10 000), this calcium binding capacity can not be a false signal caused by small molecules such as dipicolinic acid (DPA) and DPA did not provide a signal when applied directly to the membrane for autoradiography (Fig. 1, No. 1) . Autoradiography was performed in excess MgCI 2 to rule out the possibility of non-specific cation binding. After exposure to X-ray film, the sample areas of the nylon paper were cut apart and counted by liquid scintillation counting. A linear relationship between the volume of sample applied and cpm was obtained (Table 1 ). Attempts to demonstrate Cabinding of the proteins transfered from SDS-polyacrylamide gel electropherograms to nitrocellulose, nylon or PVDF membranes for 45Ca autoradiography were unsuccessful. Denaturation, or poor transfer retention of this protein might be the reasons of failure. This crude extract can displace bovine brain calmodulin from its antibody in a radioimmunoassay (Table 1) and thus was immunologically similar to bovine brain calmodulin. Since the protein concentration of the crude extract was reduced 10-fold after heat treatment (90 ° C, 2 min), both the Chelex-100 competitive assay and radioimmunoassay (Table 1) the routine methods used to purify eukaryotic calmodulin were used to obtain a single peak fraction from the heat-stable protein mixture which bound, in a calcium dependent manner, to phenyl Sepharose, a hydrophobic chromatography resin. The protein concentrations of crude extract, heattreated extract and the partially purified fraction were approx. 10, 1, and less than 0.01 mg/ml, respectively. The immunoreactive specific activity increased at least 200-fold after this purification. Essentially similar elution profiles, calcium-binding and RIA data were obtained using N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide agarose (W-7 agarose, Sigma Co, St. Louis, MO), melittin Sepharose (prepared by the methods of the Kincaid [18] ), phenothiazine affi-gel (Bio-Rad, Richmond, CA), as affinity chromatography matrices (data not shown). The RIA responses were similar for the crude extract of B. cereus T vegetative cells, germinated spores, dormant spores and for B. subtilis dormant spores (data not shown).
DISCUSSION
Bacillus sp. incorporate calcium into the mother cell and subsequently into the spores during sporulation and releases calcium during germination. The mechanisms of calcium regulation and accumulation have yet to be well established. A Ca2+/H + antiporter was first discovered in E. coli [19] and recently this antiporter protein has been purified from B. subtilis [20] . Although the spore and isolated coat fraction of Bacillus megaterium adsorbed Ca 2+ after acid demineralization, this adsorption was much reduced when other cations such as Sr 2+ and Ba 2+ were present [21] . Dipicolinic acid is the only spore component with documented calcium binding properties.
This study first indicates the presence of a calcium-binding protein which possesses some calmodulin-like characteristics in bacterial spores. Similarities to calmodulin included (1) heat stability (2) calcium-dependent binding to hydrophobic interaction chromatography resins and (3) calcium-dependent binding to affinity columns prepared using calmodulin antagonists and (4) reaction in a radioimmunoassay dependent upon antibody to brain calmodulin.
Stimulation of calmodulin-regulated enzymes by this protein has not been determined. Phosphodiesterase activator activity has been claimed to be present in the calmodulin-like proteins of B. subtilis vegetative cells [12] and mycobacteria [13] but not in E. coli [10] or S. erythreus [11] .
The relative concentration of calmodulin-like protein in the spores was estimated by radioimmunoassay for reference only. Since the similarity of this calcium binding protein to calmodulin is not known, this approach is not ideal and may grossly underestimate the protein of the interest. In animal tissue, 220.3 mg purified cahnodulin/kg intact bovine brain [22] and 126 mg purified calmodulin/kg frozen rat testes [23] have been obtained. The amounts of calmodulin purified from plant tissues are much lower (up to 440-fold less) than those from animal sources. For example, only 0.5 mg calmodulin/kg soybean leaves was purified [24] . None of the papers [9] [10] [11] [12] [13] which reported the observation of calmodulin-like activity in bacteria offered purification data. Estimated concentrations of partially purified calmodulin-like protein in B. cereus spores are orders of magnitude lower than those reported for eukaryotic organisms. As indicated, this undoubtedly is an underestimate due to evolutionary antigenic differences. Furthermore, the methods for isolation and purification of eukaryotic calmodulin may be far from optimal for purification of this calciumbinding, calmodulin-like protein from bacterial spores. Optimizing purification was not an objective of this research.
It has been assumed that the majority of the spore calcium is chelated with dipicolinic acid. Observations indicate that calcium is involved in a variety of spore functions and properties, yet molecular information on the involvement and regulation of calcium in sporulation, activation, and germination is not available. Although the role of this calmodulin-like calcium-binding protein in bacterial spores is not clear now, knowledge of its presence provides the opportunity to investigate the involvement of this protein and clarify the role of calcium in these processes. To this end, inhibition of spore germination by
